CONTENTS

I. Introduction
The magnicon, recently proposed in the Soviet Union, employs scanning beam modulation of a moderately relativistic electron beam (typically < 1 MeV) to efficiently generate high-power microwaves with potentially diverse applications.' The magnicon consists of a sequence of cavities, the first of which is driven, and the remainder are passive. As a solid electron beam with small initial transverse momentum traverses the cavities, it is progressively spun up to produce a high-transverse-velocity electron beam for injection into the output cavity. The deflection cavities employ a rotating TM,1 0 mode, so that the beam is coherently spun up. The point of injection of the beam into the output cavity and its instantaneous guiding center rotate about the device axis at the drive frequency. A magnicon resembles a gyroklystron amplifier in that the interaction in the output cavity takes place at the gyrofrequency and involves only the transverse beam momentum. In a gyroklystron, however, the beam transverse momentum is produced prior to its bunching cavities, and the beam is bunched in phase ballistically in the drift spaces separating the cavities, in a manner analogous to the ballistic axial bunching employed in conventional klystrons.' In a magnicon, there is complete modulation of the phase since the electrons are deflected transversely in a deflection system, and are injected into the unstable mode in the output cavity in phase synchronism with a rotating rf wave. Consequently the transverse efficiency may be extremely high. In a gyroklystron the phase modulation is incomplete and a fraction of the electrons are actually accelerated by the rf electric field of the output cavity. Because of the need for a deflection system, a magnicon can be operated oaly as an amplifier.
Manuscript approved September 17. 1991 The Soviet literature describes two different magnicon designs. The first of these generated 2 MW at 915 MHz with an efficiency of 73% as a first harmonic amplifier. ' The second, which is in the construction phase, is designed to generate 60 MW at 7 GHz and 70% efficiency as a second harmonic amplifier. 3 At the Naval Research Laboratory (NRL) we are presently designing a high-gain, second-harmonic magnicon experiment in the X-band.' The design calls for the generation of 50 MW at 11.4 GHz and 50% efficiency, using a 200 A, 1/2 MV electron beam produced by a cold-cathode diode on the NRL Long-Pulse Accelerator Facility. 6 In this paper we investigate the deflection system of a magnicon. The system is assumed to be immersed in a strong guide magnetic field so that a high perveance electron beam may be employed. The deflection system consists of an input cavity and one or more passive cavities. Each cavity contains a rotating TM 1 10 mode. An input signal powers the cavity mode in the input cavity and deflects an electron beam injected close to the axis. After passing through the drift space, the electrons interact with and amplify another rotating TM 1 10 mode in the passive cavity. The analysis in this paper is valid for an arbitrary ratio of the gyrofrequency to the rf frequency. However, the case where this ratio is exactly 2 has special properties and is discussed in detail. A major simplifying assumption of the analysis is that the electron energy and the axial velocity are constants in each cavity. In Sec. II we investigate the input cavity. Section III examines the passive cavities. In Sec. IV some comments on the output cavity are made and, in particular, on the operation of the output cavity at a harmonic of the drive frequency. Concluding remarks are presented in Sec. V.
II.
Input Cavity
The TM 110 mode in a cylindrical cavity may be represented by the vector potential
where r, 0, z denote the cylindrical coordinates, E 0 is a constant, c is the speed of light, w is the (angular) frequency, 1 is the ordinary Bessel function of first kind of order 1, Pl is the first zero of J 1 , a is the radius of the cavity, the cutoff wavenumber is defined by k, = pl/a = w/c, and c.c. stands for complex conjugate. We shall assume that the electrons are injected along the longitudinal (z) axis of the cavity, and remain close to the axis. In the paraxial approximation, the electric and magnetic fields are given by
Here we use Cartesian coordinates for convenience. Electrons see a rotating transverse magnetic field with a constant amplitude E 0 , and a small longitudinal electric 3 field. Transverse deflection of the electron orbit is caused by the rotating magnetic field. Imposing a constant guide magnetic field B 0 , in addition to the fields (2) -(4), the beam centroid motion is governed by the following equation In the special case where the gyrofrequency in the guide magnetic field satisfies W, = 2w ,
the orbit is greatly simplified. 1 In this case and for an electron starting out on the axis with no transverse velocity, i.e., with the initial conditions x' 1 0 = v± = 0, Eq.
(6) reduces to 
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III. Passive Cavities
The purpose of the passive cavities in a magnicon is to increase the transverse momentum of the electrons, since the interaction in the output cavity is designed to extract most of the transverse momentum and transfer the energy into the output rf field. To achieve high efficiency in the output cavity, it is necessary to maximize the perpendicular momentum (while avoiding electron reflection) at the end of the deflection system. This generally implies that the pitch angle, a -tan -1 Ivt1/v.
[where vt = (v. + vI)1/ 2 is the transverse velocity], exceeds unity.
Although a magnicon may have several passive cavities, the physical principles of their operation are identical. For this reason we consider here a single passive cavity following the input cavity. We further assume that there exists a gap between these cavities, wherein the beam performs gyromotion in the axial magnetic field as it drifts towards the passive cavity. It turns out that the length of the drift region is important for an efficient excitation of the mode. In the first subsection we give an intuitive argument on the role of the drift region, and in the second we examine the field in the passive cavities in the linear regime.
A. Mode excitation
In the case where wc = 2w, the guiding center of the orbit given by Eqs. (9) and (10) is at X.L,G = z±/2 . In the drift region the beam centroid orbit touches the z-axis at a flight angle Od = 7r/2, and completes one gyrational motion at
Here, Od = w(t -to -7r/w) is the flight angle measured in the drift region. The 7 length of the drift region determines the initial injection conditions for the second cavity. We compare two cases: Od = 7r and Od = 7r/2. In the former case the beam enters the passive cavity at the maximum deflection amplitude, while in the latter the beam enters on axis.
The initial entrance position and velocity are given by (9) and (10), respectively, with an entrance time t 1 = to+ 2r/w in place of to. Let us define the field parameter 
where 0 = w(t -to -27r/w) is the flight angle measured in the passive cavity. Since w is a complex number the phase of x.L given by Eq. (13) is a function of 0 except for extreme cases, i.e., when Iw1 > Iw,' or Iw"/ > I1.
The limit w, > tw'I is applicable to the initial build-up stage of the cavity mode.
This limit is also useful in accounting for the final equilibrium stage. This is because w, carries the information relating to the beam modulation in the input cavity, and, consequently, the term proportional to w, acts as a driving term for the oscillations.
Making use of the orbit in Eq. (13), v -E averaged over 0 < 0 < 7r is found to be zero independently of the field phase. That is, the mode is not driven by the electron motion and the beam deflection obtained in the input cavity is not useful for driving the mode in the passive cavity.
(ii) Od = 7r/2
We begin by considering the case w,/w = 2 and an electron starting out on the axis with zero transverse velocity at the entrance to the input cavity. In terms of the entry time into the passive cavity, t, = to + 3r/2w, the initial conditions in this case are given by
.2weVzO
The electrons have been brought to the z-axis through the gyromotion in the drift region, and then injected into the second cavity. With such an injection the beam centroid orbit in the passive cavity is 2 vzo (w sin 2 -we sin0 exp(iwt) ,
wherc 0 = w(t -ti) is the flight angle measured in the passive cavity. Note that in Eq. (16), we, which carries the deflection information from the input cavity, is now a coefficient of sin#, instead of cos0 as in Eq. (13). The beam centroid, which lies on the z-axis initially, reaches a maximum displacement at 0 = 7r/2, and then returns to the axis at 0 = 7r. Hence, the electric field can be always parallel to the 9 beam propagation direction. The average energy transferred into the field would be nonzero.
The two cases compared above suggest that the optimal length for the drift space is that for which the transit time of the electron is half of a gyroperiod. We may suppose that this is also the case when wc/w # 2 and xl 0 ,v 0 
expI-iwu(t -ti)] -±exp iw-w)-t)} O.-e exp(iwt) exp(-i/rwl/,)
where tj = to + 7r/w + r/w, is the entry time into the passive cavity.
B. Gain and Phase Shift
To evaluate the small-signal gain and the phase shift of the beam-loaded passive cavity, it is necessary to solve the wave equation with the source term (i.e., the current density) determined by the solution of the equations of motion, Eq. (17).
Following the analysis of Manheimer s , the current density for a monoenergetic beam of electrons with energy ymc 2 may be written as
where I is the beam current, il is the orbit in the z -y plane expressed as a function of time t and the entry time t, into the cavity and f(r±o, Po) is the probability density of the initial coordinates ro and momenta Po, subject to the normalization condition f d 2 r±od 3 po f(rxo, po)6(o -)=
1.
It is thus necessary to solve the wave equation
with the orbit given by Eq. (17) inserted into the expression for the current density.
For an azimuthally symmetric probability density and in the paraxial approximation employed here, the term proportional to a±o in Eq. (17) does not contribute. For such a probability density, the wave equation for the rotating TM 1 10 reduces to
W' 4w /C(18)
where
In writing Eq. (19) it has been assumed that that the probability density f(r±o, po)
is a separable function of rt 0 and of po; the function g(po) appearing in Eq. (19) 
(22)
A 200 A, 1/2 MV electron beam will be employed in the magnicon experiment at the Naval Research Laboratory, which will operate in the X-band (11.4 GHz) with a C-band (5.7 GHz) drive. 4 For these parameters, a power gain of 10 dB is obtained for Q -500. The corresponding relative shift in the cold cavity frequency is about 1/2 %. In a magnicon employing a series of passive cavities to accomplish high amplification, the total gain is simply the product of the gain of the individual cavities. 6 Returning to the orbit in Eq. (16), the deflection at 0 = 7r is given by
which is an identical deflection pattern as obtained in the input cavity, Eq. (9), except that the deflection is now amplified a factor of w'/We1. In general, a sequence of passive cavities may be required in order to ensure that the final pitch angle a exceeds unity.
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IV. Output Cavity
The output cavity of a magnicon employs a TM mode whose phase advances synchronously with the frequency of the drive. Additionally, the interaction in the output cavity is based on the first harmonic of the cyclotron resonance in the axial magnetic field. The preferred choice for the mode is the TM,10, corresponding to an rf field with no axial variation in the cavity, and with a radial variation characterized by the Bessel function of order 1. The index m, which indicates the azimuthal variation of the mode, is chosen to produce the proper phase synchronism with the gyrating electron beam. In practice, this means that for a particular choice of m, the output cavity must operate in the mth harmonic of the drive frequency, as explained in the following. For a first harmonic (of the drive frequency) device, M = 1, and the interaction is with a rotating TM 1 0 mode. However, in this case, the magnetic field must be reduced to approximately half the magnetic field in the deflection cavities. This is an unfavorable magnetic field configuration for a high-a electron beam.
Operation at the second harmonic of the drive frequency, using the TM 2 10 mode, requires a magnetic field that is approximately flat throughout the passive and output cavities. (Actually, the optimum magnetic field in the output cavity is lower than the gyroresonant value at the initial beam energy to compensate for the effect of energy extraction from the beam.) Still higher harmonic operation may be possible, employing TMmi 0 modes with m > 2, and taking advantage of the increase in the beam c as the magnetic field is ramped up to the value resonant with the higher frequency in the output cavity. However, there is an overall constraint on the maximum beam a that may be achieved without reflecting the electrons, so that the maximum deflection may be no higher in this case than in the preceding case. Additionally, the coupling to higher harmonics is generally weaker, and may require a longer interaction length.
We note in passing that the problem with oscillations in unwanted modes seems to be not as important as in gyrotrons, since the effectively "super-bunched" scanning beam will induce mode-locking.
Description of the interaction dynamics in the output cavity generally requires a numerical approach. In this section, as a prelude to future numerical efforts, we
show that such harmonic operation is possible. For this purpose we use the zeroth order electron orbit with respect to the harmonic modes.
(i) Second Harmonic (wc = 2w)
Upon neglecting the shift in the gyro-frequency due to the energy loss during interaction we may assume that the magnetic field strength has no discontinuity between the deflection system and the output cavity. We may take the initial conditions for the beam centroid orbit in the output cavity as
where xo is a constant, and io is the time when a certain section of the beam centroid enters the cavity. Neglecting the rf field, the electron motion for wc = 2w with these initial conditions is given by x_ = iZxo exp(iwt) cos 0.
Note that the phase rotates with an angular frequency w, and the amplitude of the motion depends only on the flight angle 0 = w(t -to). 
